As the most prominent feature of the polar stratosphere, polar vortex results in widespread changes in the climate system, especially in the ozone variation. In this study, the linkage between polar vortex and ozone depletion in Antarctic stratosphere during the period 1979-2016 is investigated; we calculated the averaged total column ozone within the polar vortex based on the vortex edge (−28.8 PVU PV contour) instead of the geographical region defined by latitude and longitude. Results from the spatial patterns of ozone and polar vortex suggest that the morphological changes of polar vortex can impact the horizontal distribution of ozone and the ozone within the polar vortex experiences a severe depletion in spring. The negative relationship between ozone and polar vortex in terms of vortex area, strength, and breakup time is significant with the correlation coefficients of −0.57, −0.68, and −0.76, respectively. The breakup time of polar vortex plays an important role in the relation between polar vortex and ozone depletion with the highest-value correlation coefficient among three polar vortex parameters. Furthermore, the possible mechanism for this relationship is also discussed in this article.
Introduction
The ozone layer is well known as shielding the earth's surface from being damaged by ultraviolet radiation (UV), which decreases the incidence of skin cancer and other diseases of humans, animals, and plants [1, 2] . In the stratosphere, the air temperature increases with altitude rising from lower than −50 ∘ C to greater than −20 ∘ C at the stratopause [3] , which is associated with the absorption of solar ultraviolet radiation by highest mixing ratio of ozone in the stratosphere. The ozone is mostly produced from short-wave ultraviolet rays between 240 and 160 nm, and the oxygen is continuously converted to ozone and back to oxygen by numerous photochemical reactions as previous studies described [4] . However, groundbased and satellite observations show a dramatic decrease in ozone over Antarctica during austral spring since the 1980s [5, 6] .
Over the past three decades, hot topics including both the severity of Antarctic ozone depletion and the size of the Antarctic ozone hole have attracted more and more attention. The intense cyclonic vortices that form over the winter pole are one of the most prominent features of the stratospheric circulation [7] [8] [9] . The structures and dynamics of the "polar vortex" play a dominant role in the stratospheric circulations and couplings between the stratosphere and troposphere during winter and spring. For example, Thompson et al. [10] revealed that fluctuations of the polar vortex profoundly impact the mean temperature and the frequency of occurrence of extreme cold events throughout the Northern Hemisphere. Li et al. [11] also discussed the effect of Arctic polar vortex on spring vegetation growth in boreal Eurasia. Actually, the term "vortex" refers to the flow of air that helps to maintain the colder air in proximity with the poles [12] . A typical vortex is marked by strong circumpolar winds and cold temperatures in the interior of vortex region, which is recognized as the key ingredient in the destruction of ozone and the formation of the ozone hole in polar region [3] . Additionally, polar vortex is also a key to determining distribution of trace gases, in particular ozone [13] . Several studies have highlighted the close relationship between changes in polar vortex and ozone depletion in stratosphere [14, 15] . For example, Hassler et al. [16] analyzed the October mean total column ozone data from four Antarctic stations and concluded that the total ozone recorded at Antarctic stations has been strongly affected by the state of polar vortex. Schoeberl and Hartmann [3] further revealed the chemical process in the polar vortex during winter and found that the temperature within the polar vortex falls low enough to form the polar stratospheric clouds of nitric acid trihydrate and ice, which can affect the conversion of chlorine from the inactive reservoir species to the radical species that attack ozone. In addition, the dynamical characteristics of polar vortex provide the substance isolation to favor the ozone hole development.
In this study, we primarily focus on investigating the relationship between polar vortex and ozone depletion in the Antarctic stratosphere during the period 1979-2016. The total column ozone is calculated over the whole Antarctic region (60 ∘ -90 ∘ ) in previous studies [17] . However, the polar vortex is not constant all year round. In general, polar vortex shrinks in polar summer and expands in polar winter. Therefore, we define a new algorithm calculating the averaged total column ozone within polar vortex instead of the geographical region to emphasize the relation between the polar vortex and ozone. Considering the profound influence of polar vortex on largescale weather and climate systems, there is a variety of polar vortex parameters to represent its features [18, 19] . Therefore, we also use three polar vortex parameters (polar vortex area, polar vortex strength, and polar vortex breakup time) in this study to present the comprehensive results.
The remainder of the paper is organized as follows. The data and methods employed are described in Section 2. The relationships between polar vortex and ozone depletion in spatial distribution and temporal variation are discussed, respectively, in Section 3, and discussion and conclusions are provided in Section 4.
Data and Methods

Data. The European Centre for Medium Range Weather
Forecast's Interim reanalysis dataset [20, 21] for the period from 1979 to 2016 is used for calculation of some quantities such as potential vorticity in this study. The data used include the daily geopotential, wind speed, temperature, and the monthly total column ozone with the spatial resolution of 1.5 ∘ × 1.5 ∘ ; all variables except total column ozone with 37 pressure levels (from 1000 hPa to 1 hPa) are interpolated to the isentropic levels from 450 to 650 K (50 K intervals), spanning the low stratosphere in which the ozone number density has the maximum.
Methods
Polar Vortex Area.
The Antarctic polar vortex in low stratosphere can be described by the potential vorticity (PV) [22] has been widely used in many vortex feature studies. In this study, we adopt the PV diagnostic method to estimate the area, intensity, and breakup time of polar vortex, as well as to calculate the mean total column ozone within the polar vortex. As the magnitude of PV increases dramatically with height, we use the modified PV to remove this difference [23] . The PV values are normalized by a factor ( / 0 ) −9/2 , where is the potential temperature and 0 = 475 K is a reference potential temperature. How to determine the vortex edge is crucial in this study, and several methods to define the vortex edge have been developed, each of them having both advantages and disadvantages [24] . A vortex edge marked by sharp gradients in PV presents a barrier to isentropic mixing [25] . Therefore, the vortex edges are defined by the PV contours with the maximum PV gradients at each isentropic surface (from 450 to 650 K, 50 K intervals) in this study. The PV contour values are fixed on given isentropic surface based on the 38-year climatology (from 1979 to 2016), with calculating the zonal mean PV where the maximum meridional PV gradients exist in each longitude during all winters in Southern Hemisphere (June-July-August). The values used to describe the polar vortex edge are shown in Table 1 , which are mostly consistent with those from NCEP datasets (1978-1998) by Waugh and Randel [26] . Due to the differences of period of interest and data sources, it is reasonable to see some differences between Waugh's result and ours. Therefore, the polar vortex area is defined as the area enclosed by the criterion PV contours.
Polar Vortex Strength.
Since the polar vortex is surrounded by the strong circumpolar westerly winds, the polar vortex strength is defined as the averaged zonal wind speed along the vortex edge referring to criterion PV contour in this study, which is consistent with previous studies [10, [27] [28] [29] [30] .
Polar Vortex Breakup
Time. The evolution of polar vortex can be divided into three stages: it forms in autumn, reaches maximum strength in mid-winter, and decays in later winter to spring [13] . In this study, the polar vortex breakup time is defined as the timing when the polar vortex area shrinks to less than 1% of the Earth surface area or 78.5
∘ equivalent latitude (the latitude of a zonal circle that encloses the same area as the vortex edge) as Manney et al. [31] described.
Total Column Ozone within the Polar Vortex.
The ozone number density has the maximum in the low stratosphere (isentropic levels from 450 K to 650 K), according to the ozone vertical distribution. We calculated the mean vortex edge from 450 K to 650 K and found that the mean edge is Advances in Meteorology 3 closest to the edge on 550 K isentropic surface. Therefore, we use the criterion PV contour (−28.8 PVU) on 550 K isentropic surface to calculate the averaged total column zone within the polar vortex.
Statistical Analysis Methods.
In order to illustrate the relationships between polar vortex and ozone depletion, the linear regression, correlation, and composite difference analysis methods are adopted in this study with detrend data. The statistical significance is determined by Student's -tests based on the assumption that the sample data are independent.
Results
Relationships between Polar Vortex and Ozone Depletion in Spatial Distribution.
As mentioned above, the potential vorticity (PV) on isentropic surface is a good indicator to describe the Antarctic polar vortex. Meanwhile, the ozone layer mainly lies in the low stratosphere (isentropic levels from 450 K to 650 K) according to the ozone density vertical distribution. Therefore, 550 K isentropic level is selected to analyze the relationship between polar vortex and ozone depletion as the vortex edge on this surface is closest to the mean edge ranges from 450 K to 650 K. Figure 1 shows the climatology of monthly potential vorticity on 550 K isentropic surface. The black solid line is the criterion PV contour (−28.8 PVU), which represents the edge of polar vortex. Usually, the Antarctic polar vortex forms in late April and decays in November; it exists stably from May to October despite the large interannual variations [13] . Therefore, these 6 months are selected to analyze the Antarctic polar vortex in this study, and the pattern for each month is presented in Figures 1(a)-1(f) , respectively. The climatological polar vortex presents a quasi-symmetric circle in each month, and the center is close to the South Pole. With the developing of polar vortex from May to August, the vortex area increases gradually and reaches the maximum in August. Meanwhile, the potential vorticity value in high latitudes increases significantly, and the gradient of potential vorticity near the vortex edge deepens dramatically. On the other hand, with the decay of polar vortex from August to October, the vortex area and the potential vorticity field present an opposite change. Figure 2 shows the climatology of monthly zonal wind on 550 K isentropic surface. Results from May to October are presented in Figures 1(a)-1(f) , respectively. It is obvious that the polar vortex is surrounded by a strong circumpolar westerly jet. In Section 2, we define the polar vortex strength as the averaged zonal wind along the vortex edge; this definition can accurately represent the intensity of vortex rotation features. The westerly jet strengthens with the expanding of polar vortex from May to August, and it reaches the maximum (more than 60 m/s) in August. The strong westerly jet favors less energy and mass transportation from the southern midlatitudes to Antarctic region. With lower temperature and less supplement of lower-latitude ozone, the Antarctic ozone depletion would become more severe. With the decay of polar vortex from September to October, the intensity of circumpolar jet decreases gradually consistent with the change of polar vortex area described above. Figure 3 shows the spatial distributions of the 38-year (1979-2016) total column ozone climatology. The vortex edge is used to distinguish the interior and exterior of vortex in calculation of averaged ozone in the next section. Results from May to October are presented in Figures 1(a)-1(f) , respectively. With the development of polar vortex, the horizontal distribution of total column ozone changes gradually. The ozone difference between inside and outside vortex becomes significant, and the longitudinal gradient maximum occurs near the vortex edge. The ozone experiences a severe depletion inside the polar vortex, especially in September and October. The latitudinal distribution of ozone outside vortex is inhomogeneous, featuring a maximum within 90-180 ∘ E. This zonal difference may be caused by latitudinal inhomogeneity of Brewer-Dobson transportation.
Relationships between Polar Vortex and Ozone Depletion in Temporal Variation
. In this section, we explore the relationships between polar vortex and ozone depletion in temporal variation. Polar vortex parameters include polar vortex area, polar vortex strength, and polar vortex breakup time as mentioned above, and ozone parameter is the averaged total column ozone within the polar vortex based on the criterion PV contour (−28.8 PVU) on 550 K isentropic surface. Figure 4 shows the seasonal variation of averaged total column ozone within the polar vortex from 1979 to 2016. We only focus on the variation of ozone during the period of the stable vortex (May to October). The ozone depletion in austral spring (September-October, SO) can clearly be seen in Figure 4 , and the most severe ozone depletion occurs in the mid-1990s with the value less than 160 DU. Besides the obvious seasonal cycle, the spring total column ozone within the polar vortex shows a strong interannual variation, with a maximum of 314. [17] because the ozone was calculated within the polar vortex in this work, instead of the whole Antarctic region (60 ∘ -90 ∘ ). In other words, we investigate the severe ozone depletion occurrence in the interior of polar vortex.
As mentioned above, since the most severe ozone depletion happens in austral spring (SO), we analyze the relationship between polar vortex and ozone depletion in this season with three vortex parameters described in Section 2. Figure 5 shows the interannual variations of total column zone within the polar vortex, the polar vortex area, strength, and breakup time for the period 1979-2016. Figure 5 (a) revealed that the ozone within the polar vortex in austral spring experiences a severe depletion before the mid-1990s and recovers gradually in the 2000s, owing to the implementation of international protocols on the control of ozonedepleting substances. Before the mid-1990s, the breakup time has a significant delay trend, which is consistent with a significant decrease trend in the variations of total column ozone during the same period. Figure 5 (h) shows that the later vortex breakup events (greater than +1.0 SD) occur in the years of 1995, 1996, 1998, 1999, 2001, 2008, and 2010 , and the earlier breakup events (less than −1.0 SD) happen in 1979, 1988, 2002, 2012, 2013 , and 2016. The later polar vortex breakup events are basically consistent with the low-value of total column ozone years, and vice versa. In a word, the relationship between ozone depletion and vortex breakup time seems better than other two polar vortex parameters (area and strength) qualitatively.
We further present the scatter plot between the three polar vortex parameters and averaged total column ozone in Figure 6 . The correlation coefficients are −0.57, −0.68, and −0.76 between averaged total column ozone and polar vortex area, strength, and breakup time, respectively; all correlations are significant ( 0.01). Results in Figure 6 indicated that the larger, stronger, or later breakup time polar vortex is highly related to the ozone depletion, which is supported by previous studies [3, 32] . Since there is less air exchange between Antarctic and the southern midlatitudes than that between Arctic and the northern midlatitudes, ozone depletion over the Antarctic is much more severe than that over the Arctic [33] . The chemistry of the Antarctic polar vortex has created severe ozone depletion. The nitric acid in polar stratospheric clouds reacts with chlorofluorocarbons to form chlorine, which catalyzes the photochemical destruction of ozone [3, 34] . Meanwhile, chlorine concentrations build up during the polar winter, and consequent ozone destruction is greatest when the sunlight returns in polar winter [35] . Accordingly, the breakup time of polar vortex during austral spring is of much concern to study the ozone depletion subject. As we expect, results also display the largest correlation between polar vortex breakup time and ozone in Figure 6(c) . Therefore, we analyze the relationship between polar vortex breakup time and ozone depletion in depth for the next step via the difference composite.
Polar vortex breakup time index (referred to as PVBTI) is introduced in Figure 5 (h); the high-value PVBTI refers to later breakup event and the low-value PVBTI means earlier breakup event. Considering the polar vortex breakup time concentrating in austral spring while the most severe ozone depletion occurs in September and October, we focus on the differences in this period dramatically. The total column ozone within the polar vortex in September and October is identified through the investigation of differences in highvalue (greater than +1.0 SD) and low-value (less than −1.0 SD) PVBTI years in Figure 7 . Figure 7 (a) shows the total column ozone anomalies in high-value PVBTI years, when the polar vortex breaks up later. The result indicates that the negative anomalies of total column ozone cover the whole Antarctic. However, compared to Figure 7 (a), larger areas with significant positive anomalies can be found in low-value PVBTI years ( Figure 7(b) ). Figure 7 (c) shows the total column ozone difference between high-value and low-value PVBTI years. The most severe depletion with significant negative anomalies occurs over east Antarctica, lying on the Indian Ocean side of the continent. Results reveal that the earlier breakup of polar vortex can effectively inhibit the ozone depletion in the Antarctic stratosphere, as previous studies described [17, 36, 37] . The shrinkage or erosion of the polar vortex due to planetary-wave breaking is possibly responsible for the ozone recovery over Antarctica by importing ozone from the midlatitudes through lateral mixing or the Brewer-Dobson circulation [38] .
Discussion and Conclusions
This work examines the relationships between ozone depletion and polar vortex in terms of its area, strength, and breakup time in the Antarctic stratosphere during the period 1979-2016 and discusses possible mechanisms behind the relationships. We first explore spatial distributions of the 38-year (1979-2016) potential vorticity, zonal wind, and total column ozone climatology on 550 K isentropic surface from May to October and the monthly variation of total column ozone within the polar vortex based on criterion PV contour (−28.8 PVU). In addition, we investigate the relationships between polar vortex and ozone depletion via the correlation and linear regression analysis. We further study the variation of ozone depletion in later and earlier polar vortex breakup time based on a composite analysis. The major conclusions can be summarized as follows:
(1) The morphological changes of polar vortex can impact the horizontal distribution of ozone, and the maximum longitudinal gradient occurs at the edge of polar vortex; the ozone within the polar vortex experiences a severe depletion in spring.
(2) The Antarctic polar vortex exists stably from May to October despite the large interannual variations, while the most severe ozone depletion happens in austral spring, September-October.
(3) The larger, stronger, and later breakup time polar vortex is highly related to the ozone depletion with the correlation coefficients of −0.57, −0.68, and −0.76 between averaged total column ozone and polar vortex area, strength, and breakup time, respectively.
(4) The breakup time of polar vortex plays an important role in the relation between polar vortex and ozone depletion with the highest-value correlation coefficient among three polar vortex parameters.
(5) The most severe depletion with significant negative anomalies occurs over east Antarctica, lying on the Indian Ocean side of the Antarctica continent.
The relationship between polar vortex and ozone depletion is mutual and complicated. The later breakup of polar vortex could effectively intensify the Antarctic ozone depletion, owing to the longer longevity of lower temperature and less ozone supplement from midlatitudes to polar region. On the other hand, the dramatic ozone loss could have caused cooling, which in turn strengthens the polar vortex and makes the vortex break up later [36] . Possible mechanisms for the relationship should be investigated, through quantitative evaluation of the dynamic effect of polar vortex on ozone depletion and the thermal effect of ozone on polar vortex evolution.
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